Introduction
Man's use of wood for structural purposes goes back untold centuries. From the fallen-tree bridge, the rude hut, and the hollow-log canoe, we have traveled a long road to the timber structures of the present day. With this progress has come also a change in conditions. When timber supplies seemed limitless, there was little reason for concern about the species, size, or quality of the timber to be used. Consequently, much timber construction was characterized by oversize members, frequently of very high grade.
As timber supplies became more limited and prices higher, precision of use became more important. The development of structural grades, while not offering a complete solution, was an important step in the more precise, economical, and efficient use of timber. The advent of glued laminated lumber improved still further the prospects for efficient utilization, since this lumber can be made from shorter lengths, lower grades, smaller sizes, and combinations of high and low grades.
Full realization of these prospects, however, depends more than ever on the greatest possible knowledge of the factors affecting strength so that sound principles of design may be developed. Since laminated lumber generally costs more than solid sawn timber, it must be used wisely and economically. To supply the basic information that would lead to the acceptance of laminated lumber, the U. S. Forest Products Laboratory began its research in this field more than 20 years ago. The first major product of this research was the bulletin "The Glued Laminated Wooden Arch." 2 Although this bulletin was first published in 1939, it is still an authoritative publication on the subject. War-time experience demonstrated some deficiencies of knowledge and this led to an extensive program of research aimed at more precise knowledge of factors affecting strength. The research on laminated lumber was reviewed at the First Pacific Area National Meeting of the American Society for Testing Materials (ASTM) in 1949. 4 Later, the available data were analyzed in the bulletin "Fabrication and Design of Glued Laminated Wood Structural Members." 5 Since this bulletin combines fabrication and design data, it is valuable to the designer, fabricator, and user alike.
It is the purpose of this paper to review the data and to describe the design principles derived from them. In view of the detailed presentation of 19494 factors affecting strength will be covered in only a general way. The emphasis will be on design principles.
Factors Affecting Strength
The same characteristics, such as knots and cross grain, that affect the strength of solid sawn timbers also affect the strength of laminated timbers. There are, however, additional factors peculiar to laminated construction that must be considered. Obviously, the bond between the laminations is of primary importance. Without that bond, there would be no structure, but only a group of laminations capable of serving only a limited structural purpose. For this reason, an adhesive must be chosen that will furnish such a bond, not only initially but over the period of service of the structure.
The adhesive industry has made many advances, so that, today, a wide range of adhesives is available to satisfy very nearly any service condition from mild to extreme. Furthermore, these adhesives are far beyond the laboratory stage and are in wide practical use. Perhaps the most important of the new adhesives from the standpoint of the laminating industry are the resorcinol resins and the mixtures or blends of phenol and resorcinol resins. On low-density species, resorcinol-resin adhesives may be cured adequately for many purposes at room temperatures. Phenol-resorcinol blends and resorcinol resins on high-density species require curing at elevated temperatures, if the laminated item is to withstand severe service. If properly handled, both types of adhesives are capable of withstanding adverse service conditions.
In many places, like the inside of covered buildings, service conditions are mild, and a highly resistant adhesive is not required. Under such conditions, casein adhesives are commonly used and may be expected to give long periods of satisfactory service.
Proper selection of an adhesive, however, is only one step in insuring a satisfactory glue bond. Proper techniques of use, which involve a variety of factors, are required. Among the more important factors are : uniform seasoning of the lumber, smooth and uniform surfacing of the laminations, proper mixing and spreading of the glue, adequate and uniform application of pressure, and proper curing of the glue. Proper curing includes proper temperatures and pressures as well as control of relative humidity during curing. The variety and character of these factors generally necessitate special plant equipment and special skills for the necessary control. Ordinarily, this will preclude on-site fabrication, particularly of important structural members.
Lamination Thickness
Tests of a number of defect-free beams made with laminations of varying thickness indicated that lamination thickness had no effect on properties.
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Knots
A strength-reducing feature, such as a knot, will affect strength less, if it is located in a region of low stress than if it is located in a region of high stress. Thus, the effect of a knot on the strength of a laminated beam is dependent on both its size and its position. This effect is best measured by moment of inertia. Results of a considerable number of tests have provided an empirical relationship between bending properties and the ratio I K /I G' where I K is the moment of inertia of the areas occupied by all knots within 6 inches of the critical cross section and IG is the gross moment of inertia of the beam. A design curve derived from these data is shown in figure 1 . The effect on modulus of elasticity ( fig.  2 ) is considerably less than the effect on bending strength.
The relationship between bending strength and the factor IK/IG suggests that it should be possible to use laminations with large knots in the central part of the depth of a beam between outer laminations with smaller knots without a serious loss of strength when compared with a beam in which all laminations contain the smaller knots. Tests have confirmed this view.
In a column, there is no effect of position, since stress is uniform over the cross section. Analysis of data from tests of columns indicated that the properties are proportional to the ratio of the average size of the maximum knot in each lamination to the width of the lamination ( fig. 3) . A similar relationship would be expected to hold for tension members, except that the strength reduction for a given value of K/b would be somewhat greater.
Cross Grain
There has been no systematic investigation of cross grain similar to that described for knots. It is obvious, however, that steeper cross grain could be permitted in areas of low stress than in areas of high stress in a beam. In the areas of high stress, the effect of cross grain would be expected to be similar to that in solid sawn timbers.
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End Joints
In laminated members of considerable size, pieces of lumber must be joined end to end to provide laminations of sufficient length. These joints are an important factor in determining the strength of laminated members.
Since stress cannot be transferred across a butt joint, such a joint represents an ineffective area, and additional cross section must be provided to compensate for it. Tests of beams have shown that for butt joints in the compression side, the strength was approximated by computing the section modulus, as if the butt-jointed lamination were not present. When the butt joints were in the tension side of the beam, particularly in the outer lamination, an even greater effect was found. Strain measurements in the vicinity of a butt joint showed a severe stress concentration in adjacent laminations. Butt joints are not commonly used in important structural members. If they are, however, both the ineffective area they represent and their stress -concentrating effects must be taken into account.
Scarf joints, on the other hand, are effective means for joining the ends of pieces to form laminations of the required length. Even so, research has shown that scarf joints are not fully effective in tension. With their sloping surfaces, scarf joints are intermediate between the side-grain glued joint, which can generally be made as strong as the wood, and the end-grain glued joint, which is characteristically weak and variable. Therefore, scarf joints are a compromise means of making an end-toend joint with a minimum of end-grain gluing. Figure 4 illustrates the effect of scarf slope on joint strength. The steeper the slope, the greater is the proportion of end grain, and the lower the strength. In compression, scarf joint efficiency is much higher than in tension. Tests of columns containing scarf joints indicate that efficiency is on the order of 100 percent: even for slopes as steep as about 1 in 5.
Many varieties of end joints involving fingers of various types have been proposed and used, mainly in nonstructural applications. Their efficiencies vary considerably depending upon the form and slope of the fingers, but they are generally somewhat low. In fabricating curved members, such as arches, curved beams, ship frames, and the like, stresses are induced in the individual laminations, as they are bent to the curved form. The amount of stress will obviously depend upon the ratio of the radius of bend to the lamination thickness.
Tests have indicated that the ratio of the strength of a curved member to that of a comparable straight member is given by the factor
where t is the lamination thickness, and R is the radius to which the lamination is bent.
The strength reduction indicated by this formula is considerably less than would be expected from a consideration of the magnitude of stresses induced by bending the laminations. For example, bending to a radius 160 times the thickness produces stresses on the order of one-half the ultimate and thus about equal to the proportional limit. Stresses at this level in individual laminations would be expected to cause severe strength reductions in the laminated member. Since severe reductions were not found in testing, it is apparent that the stresses induced in bending the laminations to form are relieved to a considerable extent. The data indicated that modulus of elasticity is not affected.
Height and Form of Bending Members
It has long been known that stresses in wood beams, as computed by conventional methods, are affected by both the height and form of the cross section. This has led to the development of empirical form and height factors to be applied to the usual bending formulas. The effect of height has heretofore been relatively unimportant, since the height that could be realized in solid timbers has been limited. In laminated construction, however, this limitation has been removed, and beams and arches of considerable height are common. Consideration of this effect thus assumes some importance in laminated structures.
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Working Stresses
In timber design, it has been the practice to assign basic stresses to the various species and to compute working stresses for particular grades by multiplying the basic stresses by a factor called the strength ratio. The strength ratio represents the proportion of the strength of a defectfree piece remaining after taking into account the effect of strengthreducing features, such as knots and cross grain. The same principle is used for developing working stresses for laminated structural members.
Basic stresses. --The basic stress represents, essentially, the working stress applicable to a defect-free piece. It is derived from the average properties of the species by applying factors that adjust laboratory test results to actual conditions of use.
The same reduction factors that apply to solid sawn timbers will apply also to laminated timbers. Therefore, the basic stresses for laminated timbers used under service conditions involving high moisture content are the same as those for solid timbers. That is, they are based on the strength of wood in the green condition (table 1) .
One of the advantages of a laminated member is that it can be made of laminations small enough in cross section to be seasoned readily before assembly. These laminations can then be assembled to form a member seasoned throughout and free from the tendency to check and distort after erection. Obviously, such a member also may be sufficiently dry throughout to justify the use of stresses based on the higher strength of dry material. This is true, however, only if the conditions of service are such as to maintain a low moisture content throughout the service life of the member.
Accordingly, a second set of basic stresses (table 2) is recommended for structures used under dry conditions. These stresses are derived by multiplying the basic stresses applicable to wet or moist conditions of service by a factor representing the effect of drying on the particular property. Since the effect of drying is not the same for all species nor for all pieces within a species, the factors were taken as approximately one-half the average increase in strength from the green to a 12-percent moisture content condition as found from tests of small clear specimens.
In some instances, the increases are substantial, as comparison of tables 1 and 2 indicates.
Strength ratio. --As was indicated earlier, there are available relationships between strength and knot size and, in the case of bending members, knot position. It is impractical to preassemble a member, so that knot sizes and positions are known in order to assign a design stress. It is equally impractical to assemble members with knots of specified sizes in specified positions. Rather, laminated members will be formed from random assemblies of laminations of a specific grade or combination of grades.
It is necessary, therefore, to find some means of assigning stresses to a random assembly, and this suggests applying the principles of probability. From a survey of a typical sample of a grade, the frequency of occurrence of various knot sizes may be determined. By applying this information with the principles of probability and, for bending members, with consideration of the effects of knot position with respect to the neutral axis, the value of I K /I G or K/b, which has any given probability of occurrence, may be predicted. Choosing a level of probability considered suitable for design, these factors may be used to obtain strength ratios from the empirical relationships described earlier.
Since knots would be expected to be more dispersed in assemblies of large numbers of laminations than in assemblies of small numbers, an increase in strength ratio with increasing numbers of laminations would be expected. This is illustrated in figure 7 , which represents strength ratios computed from a probability analysis for a typical lumber grade. Combining defect-free or higher-grade outer laminations increases the strength ratio over that of a beam made wholly of the lower grade (figs. 8 and 9).
In establishing structural grades of solid sawn lumber, the limitations on knots and cross grain are set so as to give about the same strength ratio for each. Since knot dispersion results in a higher strength ratio, more restrictive limitations on cross grain must be imposed, at least in the outer groups of laminations. In this way, the higher strength ratio determined from the effect of knots may be realized.
Similarly, to assure that the end joints do not control the strength, the efficiency of the end joint chosen should not be less than that established on the basis of the occurrence of knots.
Solid, one-piece timbers of large cross section characteristically develop deep checks, as they season in service. Such checking reduces shear strength, because the area available to resist shear is reduced. Since laminated beams go into service thoroughly seasoned, they may be Report No. 2061 -8-expected to check but little. Further, since the laminations are generally flat grained, such checks as may develop generally will lie in a vertical plane and have little effect on shear strength. For these reasons, design stresses for shear are commonly taken equal to the basic stresses. That is, there is no reduction for grade.
Design stresses proposed by lumber manufacturers associations have been developed from the principles described.
Methods of Analysis
In general, methods of structural analysis applicable to structures of other materials are applicable also to structures of laminated wood. If curved members are involved, however, two problems may arise which are not encountered in the design of solid timber structures.
When the bending moment applied to a curved member acts to straighten it, tensile stresses perpendicular to grain are generated. When the bending moment tends to shorten the radius of curvature, the stresses perpendicular to grain are compressive. These stresses are maximum at the neutral axis and may be computed approximately from the formula 3 S = M R 2 Rbh where S R is the radial stress, M is the bending moment, R is the radius of curvature, and b is the width and h the height of the cross section.
Compressive stresses perpendicular to grain should be limited to the value shown in tables 1 and 2. Tensile stresses should be limited to about 3/8 of the allowable shear stress for hardwoods and about 1/3 of the allowable shear stress for softwoods.
The great depth possible in curved laminated bending members creates another problem in analysis that is not ordinarily encountered in timber design. It will be recalled from the principles of mechanics that stresses computed by ordinary methods for flexure will be in error for deep, sharply curved members. The error increases with the ratio of depth to centerline radius. In the majority of cases, the error will be small. However, this factor should be considered in analysis, and a check should be made for special cases by methods of analysis for curved beams. 
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